One-carbon metabolism facilitates the crosstalk between genetic and epigenetic processes and plays critical roles in both DNA methylation and DNA synthesis, making it a good candidate for studying the risk of breast cancer. We previously reported that polymorphisms in methylenetetrahydrofolate reductase (MTHFR) in one-carbon pathway were associated with breast cancer risk in the population-based Long Island Breast Cancer Study Project. Herein, we systematically investigated putatively functional polymorphisms of seven other one-carbon-metabolizing genes in relation to the breast cancer risk in the same population. Except for a slight indication of increased risk of breast cancer associated with the double repeat (2R) allele in the thymidylate synthase (TYMS) 5#-untranslated region (UTR) (P, trend 5 0.07), polymorphisms in the other six genes did not substantially modify the risk of breast cancer, or did they modify the risk associated with dietary intakes of folate and related B vitamins. However, we observed a significant multiplicative interaction between the MTHFR 677C.T and the TYMS 5#-UTR polymorphisms (P 5 0.02). We used a recursive partitioning method, RTREE, in an attempt to tease out important or rate-limiting genes encoding these intricately related enzymes. Results from RTREE analyses indicate that MTHFR and TYMS are the two leading rate-limiting enzymes in the pathway, consistent with our epidemiological findings. Our findings underscore the importance of one-carbon metabolism in breast cancer etiology. Although the pathway is a network of interrelated enzymes, redundancy exists; evaluating the rate-limiting enzyme and its interaction with environment and other genes within the same pathway is critical in assessing breast cancer risk.
Introduction
One-carbon metabolism ( Figure 1 ) is a network of interrelated biological reactions in which a one-carbon moiety is transferred among a series of folate-derived compounds. It facilitates the crosstalk between DNA synthesis (genetics) and DNA methylation (epigenetics), both of which are essential processes in breast cancer etiology (1) . It provides essential cofactors in the production of S-adenosylmethionine, which is the primary methyl donor for methylation of DNAs as well as RNAs and proteins. It also supplies the methyl group in methylation of deoxyuridine monophosphate to deoxythymidine monophosphate for DNA synthesis. Perturbations of the one-carbon metabolism pathway may play an important role in neoplastic development and growth due to its effects on gene expression through DNA methylation and on genome integrity through DNA synthesis and repair (2, 3) . For example, it has been shown that folate depletion alone is a sufficient perturbing force to diminish the methyl pool (4) .
Epidemiological studies support the importance of methyl supply in breast cancer pathogenesis, but results are not always consistent. Several large prospective epidemiological studies have found that increased folate intake may be protective against breast cancer, especially among alcohol drinker (5-7). However, no effects of folate consumption on risk of breast cancer were observed in two other cohorts including the American Cancer Society's Cancer Prevention Study (8) and the Melbourne Collaborative Cohort (9) . In a recent metaanalysis of 13 case-control studies and 9 cohort studies (10) , no significant association was found between folate intake and risk of breast cancer. Making the field more controversial is the report from the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial, in which an increase of breast cancer risk was associated with folic acid supplemental use of !400 lg/day among post-menopausal women (11) .
The physiological supply of methyl groups may be determined by interplay of environmental and genetic factors, and the one-carbon metabolism pathway is a good candidate to study gene-environmental interactions. In our previous report on the Long Island Breast Cancer Study Project (LIBCSP), a population-based case-control study, we found inverse associations between B vitamin intake and breast cancer risk among non-supplement users (12) . While a functional polymorphism, 677C.T in methylenetetrahydrofolate reductase (MTHFR), a key one-carbon-metabolizing gene, was independently associated with risk of breast cancer, a significant interaction between this polymorphism and folate intake was also apparent (12) . Nevertheless, few studies have systematically assessed the contribution of a group of one-carbon metabolism genes in concert with dietary intake to breast carcinogenesis. Using the same LIBCSP population, we systematically investigated the risk of breast cancer associated with putatively functional polymorphisms of seven additional key genes involved in one-carbon metabolism, namely: thymidylate synthase (TYMS), methionine synthase (MTR), methionine synthase reductase (MTRR), cytosolic serine hydroxymethyltransferase (cSHMT) and dihydrofolate reductase (DHFR), betaine-homocysteine methyltransferase (BHMT) and reduced folate carrier 1 (RFC1) (Figure 1 ). We also investigate whether these polymorphisms interact with dietary consumption of B vitamin in modifying breast cancer risk.
Materials and methods

Study population
The LIBCSP has been described in detail previously (13) (14) (15) . Briefly, cases were women residing in Nassau and Suffolk counties of Long Island, NY, who were newly diagnosed with in situ or invasive breast cancer between 1 August 1996 and 31 July 1997. Controls were matched by frequency to the expected age distribution of the cases; they were identified through random digit dialing for those younger than 65 years and through the Center for Medicare and Medicaid Services rosters for those !65 years. About 93% of the study populations are Caucasians.
Data collection
In-person interviews were completed for 82.1% of cases (n 5 1508) and 62.8% of controls (n 5 1556). Of those who completed an interview, 73.1% of cases (1102) and 73.3% of controls (1141) donated a blood sample (13) . As previously reported (13) , an increased risk of breast cancer was found to be associated with lower parity, late age at first birth, little or no breastfeeding, a family history of breast cancer and increasing income and education.
Associations were similar when the analyses were restricted to respondents who donated blood (13, 14) . Dietary intake in the year prior to the interview was assessed from a modified Block food frequency questionnaire (15) . The frequency and portion size data were translated to daily intakes of nutrients from both dietary and supplement sources using the National Cancer Institute's DietSys version 3. Habitual use of multivitamin supplements was also obtained from the Block food frequency questionnaire. The study protocol was approved by the Institutional Review Boards of the collaborating institutions.
Genotyping DNA was isolated from blood specimens using the methods described previously (14) . Genotyping for the RFC1 (A80G, rs1051266) and cSHMT (C1420T, rs1979277) polymorphisms was ascertained by polymerase chain reaction amplification followed by restriction enzyme digestion as described elsewhere (16, 17) . TYMS 5#-UTR tandem repeat and DHFR 19 bp deletion polymorphisms were ascertained by polymerase chain reaction amplification and gel size fractionation as described elsewhere (18, 19) . Genotyping of MTR (A2756G, rs1805087), MTRR (A66G, rs1801394) and BHMT (G742A, rs3733890) was conducted at BioServe Biotechnologies (Laurel, MD) using high-throughput matrix-assisted laser desorption/ionization time-of-flight (http://www.bioserve.-com). The mean call rate was 96%; the main reason for genotypes not ascertained was insufficient DNA. About 10% of the study population were random duplicates and included as quality control samples; the concordance rate was higher than 98% for all polymorphisms in this study. All laboratory personnel were blinded to the case-control as well as quality control status of the specimens.
Statistical analysis
The Hardy-Weinberg equilibrium was tested with the Pearson's goodness of fit statistic (20) among the controls for all the polymorphisms in the study. Bivariate analyses were done to compare distributions of covariates among cases and controls. Unconditional logistic regression was used to estimate odds ratios (ORs) and corresponding 95% confidence intervals for the association between the polymorphisms and breast cancer risk adjusting for the frequency-matching variable age (21, 22) . Dominant, recessive and additive models were examined to identify the relationship between allele combinations and the additive model results were presented. Tests for trend were performed by including genotypes as an ordinal variable in regression models.
The effects were also estimated separately by multivitamin use (yes/no), menopausal status (pre-/post-menopausal) and breast cancer type (invasive/in situ). To evaluate gene-gene and gene-environment interactions on a multiplicative scale, likelihood ratio tests were used to compare the difference of log likelihood statistics for a model with or without a cross-product term for two main effect variables (22) .
We evaluated the age-adjusted models for potential confounders including the following: family history of breast cancer in a first-degree relative, history of benign breast disease, education, body mass index at age 20, body mass index at diagnosis, alcohol drinking, parity, lactation history, use of contraceptives, use of hormone replacement therapy, age at menarche, age at first birth and race. If adding a covariate to the logistic regression model changed the effect estimate by !10%, the covariate was considered a confounder (21) . None of the covariates tested met such criterion, thus only the results of the age-adjusted model are presented. All statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, NC).
As an attempt to identify key genes in the one-carbon metabolic pathway, we also applied a non-parametric statistical method, RTREE (http://peace.med.yale.edu), which is a recursive partitioning method using splitting rules to stratify data into groups with homogenous risk (23) . Splits in the tree are selected after examining all possible binary splits for each variable (genotypes) in order to maximally discriminate disease status in the two resulting groups. A variable producing the greatest discrimination is chosen first to partition the entire dataset (root node) into two offspring nodes. The process is recursively applied to each offspring node to produce further splits and increase the homogeneity, i.e. the breast cancer case, resulting in an initial tree. The order and the level of each split represented the relative importance of each polymorphism and the interactions among them. In the next step, i.e. pruning, splits that may be ÔsuperficialÕ or based on an unreliably small sample is removed from the bottom-up based on a pre-set P value. In our case, a split is regarded unnecessary if the v 2 tests from this split as well as its further splits are not significant at P 5 0.01 level. So the final tree we presented in the Results section was pruned at P 5 0.01 level. The OR presented with each split was calculated from the twoway contingency table suggested by the program. A detailed technical description for constructing classification trees can be found in Zhang et al. (23) .
Results
For all the polymorphisms listed in Table I , all genotype frequencies were in Hardy-Weinberg equilibrium among the controls (P . 0.11). We previously reported significant associations between the two MTHFR polymorphisms and risk of breast cancer (12) . For polymorphisms of seven other one-carbon-metabolizing genes, no significant associations were apparent except for an indication of a dose-response relationship between the TYMS 5#-UTR polymorphism and breast cancer risk (P, trend 5 0.07). The genotype-breast cancer risk associations did not differ with respect to menopausal status (pre/post) and cancer types (invasive/in situ) (data not shown). 
One-carbon metabolism and breast cancer
We examined the joint effects of genetic variations and consumption of folate and B vitamins in relation to breast cancer risk in our study population. With the exception of significant MTHFR-folate interactions reported previously (12), we did not observe any significant gene-folate interactions. Because vitamins B 2 , B 6 and B 12 are cofactors for MTHFR, cSHMT and MTR, respectively, we also examined potential B 2 -MTHFR, B 6 -cSHMT and B 12 -MTR interactions; however, no indication of interactions was found (data not shown).
Considering the intricate interactions among genes depicted in Figure 1 , we tested gene-gene interactions between two adjacent genes in the multiplicative scale, i.e. MTHFR-TYMS, BHMT-MTR, MTRR-MTR, MTHFR-MTR and MTHFR-cSHMT. We observed a significant interaction only between the MTHFR 677C.T and the TYMS 5#-UTR tandem repeat polymorphisms (P for interaction 5 0.02) (Table II) . Relative to individuals with wild-type genotypes at both loci (677CC-3R/3R), significantly increased risks were observed for the MTHFR 677TT genotype combined with TYMS 3R/3R or 3R/2R genotypes as well as TYMS 2R/2R genotype combined with MTHFR 677CC or TT genotypes.
We employed the RTREE program (23) to identify subgroups of high-risk subjects based on genetic information and to detect higher order interactions among the large number of genes we examined. Figure 2 illustrates the classification tree generated by the RTREE program, which includes six splits and seven terminal nodes. The study population was first split into two groups by the MTHFR 677C.T polymorphism, suggesting that this polymorphism had the most significant impact on breast cancer risk among all enzymes in one-carbon metabolism pathway. In this RTREE analysis, the TT genotype has higher risk compared with the CC and CT genotypes. The OR and 95% confidence interval are 1.33 (1.05-1.68), which is consistent with our previous findings (12) . The CC and CT group was further split according to the TYMS 5#-UTR tandem repeat genotypes, suggesting a possible interaction between these two polymorphisms, a finding that is also consistent with the epidemiological observation. The tree presented in Figure 2 was pruned at P 5 0.01 level. The tree in Figure 2 suggests the presence of subgroups of individuals defined by genetic variability in the one-carbon metabolism pathway that could have substantially increased risk of breast cancer.
Discussion
Genetic variations in enzymes involved in one-carbon metabolism are good candidates for studying the impact of both genetic and environmental effects and their interactions on breast cancer risk. There is epidemiological evidence suggesting that risk of breast cancer may be reduced by increasing consumption of folate and related B vitamins.
To the best of our knowledge, our study is the first to systematically evaluate genetic variations involved in one-carbon metabolism pathway in relation to breast cancer risk. Considering the high prevalence of these polymorphisms in the general population, results from the study will help us to identify risk factors for disease prevention.
MTHFR is a critical gene in the one-carbon metabolism pathway. Two non-synonymous polymorphisms, 677C.T and 1298A.C, in the coding region were extensively studied. Their associations with breast cancer risk are conflicting (12, (24) (25) (26) (27) (28) (29) (30) . Reports on other polymorphisms of one-carbon-metabolizing genes are relatively sparse, and have generally been negative. For example, in the Shanghai Breast Cancer Study, the risk of breast cancer did not differ statistically with respect to the MTR or MTRR genotypes, or did these genotypes interact with the MTHFR 677C.T genotype (31) . Similarly, a null association between the TYMS 5#-UTR tandem repeat polymorphism and breast cancer risk has been reported (32) . A report from a case-control study in Germany showed no association between breast cancer risk and the MTR 2756A.G polymorphism (33) . Associations of other one-carbon polymorphisms with breast cancer risk have not been reported.
Except for the significant association between MTHFR and breast cancer risk we reported previously (12) , polymorphisms in other onecarbon-metabolizing genes did not substantially modify the risk of breast cancer independently in our study population. These results highlight the critical role of MTHFR in this pathway. MTHFR catalyzes an irreversible conversion of 5,10-MTHF (the major form of intracellular folate) to 5-MTHF (the major form of circulating folate), which may be the rate-limiting step in the pathway since 5,10-MTHF is the substrate for three other enzymatic reactions including TYMS (Figure 1) . Changes of MTHFR activity may tilt the balance of onecarbon metabolism in favor of DNA synthesis at the expense of methyl supply (i.e. S-adenosylmethionine) for methylation reactions; a suboptimal methyl supply can lead to aberrant DNA methylation, which has been associated with breast cancer etiology (34) . Considering the lack of associations between other polymorphisms with breast cancer risk, we speculate that although one-carbon metabolism involves a web of interrelated enzymes, there exists a substantial redundancy with MTHFR acting as the gatekeeper or the rate-limiting enzyme for the whole pathway. Interrelated reactions in a complex pathway like one-carbon metabolism may compensate any deficit of a single enzyme.
We observed a significant interaction between the MTHFR and TYMS. Such interaction is biologically plausible because 5,10-MTHF is the substrate for both enzymes; it can either be irreversibly converted to 5 Figure 1 for abbreviations for gene names.
One-carbon metabolism and breast cancer synthesis reaction carried out by TYMS. The former reaction directs the folate pool toward remethylation of homocysteine to methionine whereas the TYMS directs the folate into DNA synthesis, which is the sole de novo source of thymidylate for DNA synthesis in the cell (Figure 1) . Nevertheless, the pattern of ORs associated with combined genotypes cannot be easily explained. Given that the MTHFR 677T and TYMS 2R are presumably at-risk alleles indicated by the point estimates in Table I , we should expect to observe the highest risk associated with the MTHFR 677TT-and TYMS 2R/2R-combined genotype. Besides a chance finding, the less than expected OR of this combined genotype may reflect the delicate nature of the balance of MTHFR-and TYMS-mediated reactions.
To investigate relative importance and interactions among multiple genes, we employed RTREE, which is a promising tool to explore potential associations without assuming any model of pre-determined interaction when dealing with large numbers of variables in complex diseases. It has the ability to identify subgroups of individuals defined by genetic characteristics that are at high risk, suggesting the presence of gene-gene interactions. The RTREE results confirmed and strengthened evidence on the important role of the MTHFR in this pathway; it appears at the first split of the tree, which means among all polymorphisms examined in this study, MTHFR 677C.T has the best ability to improve the distribution homogeneity. TYMS was chosen by the program as the second split of the MTHFR CC/CT group. This indicates TYMS, secondary to MTHFR, could further improve the homogeneity among this group. These results support our findings obtained through more traditional epidemiological analyses.
The strong point of the RTREE program lies in its model-free characteristic and its hierarchical structure provides indications of the relative biological importance of each gene examined in the pathway. In molecular epidemiology studies, traditional methods have limited ability to handle multiple polymorphisms simultaneously. While examining the effect of a single polymorphisms, we may also be interested in finding out the relative importance of this polymorphism in the context of the whole pathway. RTREE has the capacity to provide the structural information and allows further investigation by traditional methods. Further more, the structural information may be helpful in interpreting results from a complex pathway in which many factors are involved. Although we focused our investigation on the genetic data in this study, RTREE can also be applied to non-genetic risk factors to subsequently explore the relative importance of all the factors under study and potential gene-environmental interactions.
In our study, we applied a Ôcandidate geneÕ approach to investigate genetic susceptibility of breast cancer. We restricted our investigation in common polymorphisms (minor allele frequency !10%) that were non-synonymous or resided in the promoter region of the gene. In addition, there had to be at least one peer-reviewed publication to demonstrate the functionality or to support the positive genotypephenotype association of these polymorphisms. An alternative approach would be to use haplotype-tagging single nucleotide polymorphisms (35) , where the most common haplotype patterns characterizing each block can be utilized to improve the efficiency of gene-disease association studies. Since informative haplotype-tagging single nucleotide polymorphisms in one-carbon-metabolizing genes in the public database were not well established at the time we performed our genotyping, we focused our study on putatively functional polymorphisms in this pathway. In the future, the haplotype-tagging single nucleotide polymorphism method could be implemented to examine genetic variability in the one-carbon metabolism pathway relation to breast cancer risk.
The major strength of this study lies in its population-based study design in which cases encompassed a broad age range and were drawn from a population-based sample. Thus, results of this study may be more generalizable than a series of cases from a narrow age range or from a single institution. In addition, the relatively large sample size and collection of comprehensive exposure data allow multiple risk factors to be taken into consideration in studying associations with the ability to conduct stratified analyses and adjustment in multivariate models.
One potential limitation of the study is lack of biological folate measurements (e.g. folate in plasma or red blood cells) of the study participants. Biological folate levels were not measured from participants of the LIBCSP because of the case-control study design; biological samples collected after disease diagnosis may have been influenced by the onset, development or even treatment of the disease. It is important to point out that folate measurement at a single time point may not reflect the long-term folate status; integrating dietary intake and inherited genetic variability in folate metabolism may offer better systematic and long-term assessment of biological folate status.
In summary, we systematically evaluated genetic variations involved in one-carbon metabolism in relation to breast cancer risk by applying both the more traditional epidemiological method and the RTREE program. Our findings underscore the importance of onecarbon metabolism in breast cancer etiology. Furthermore, although the pathway is a network of interrelated enzymes, redundancy exists; evaluating the rate-limiting enzyme and its interaction with environment and other genes within the same pathway is critical in assessing breast cancer risk.
